agprwNE

CoNOOR~WDN

10
11
12
13

14.

15
16
17

Theoretical Analysis on 3 dnlJ =1°-5¢ Autoionizing Levels in Ca

Dongxia Ma, Nengwu Zheng, ® and Jing Fan
Department of Chemistry, University of Science and Technology of China, Hefei, Anhui 230026, People's Republic of China

(Received 18 July 2003; revised manuscript received 18 February 2004; accepted 20 February 2004; published online 28 Ogtober 2004

Previous studies on the even paritgr J=1-5 autoionizing levels of calcium have
been critically evaluated. These levels have been studied within the framework of the
weakest bound electron potential model theory. 8@ 3series are treated and the results
are listed here. In these calculations, fheoupling scheme is used. It is remarkable that
the perturbation approach that has been emphasized in our calculations so as to ad-
equately consider the correlation between the two excited electrons is more important
than in the case of singly excited states. Compared with the experimental results and the
values from other theoretical methods, the present results are in concurrence with the
experimental data, and showed comparative accuracy with other methods. Some levels,
which have not been reported previously, are predicted her0@ American Institute
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1. Introduction

The autoionization state of an atom plays an important
role in many aspects. It relates to the research of astrophysics
and controlled fusion, and has been proposed as an efficient
way to the realization of vacuum ultraviolet laser. The study
of autoionization is of great significance in the research of
electron correlation, the many-body problem, and so on.
Considerable interest has been devoted to doubly excited at-
oms by various scientists over the past years. The alkaline
earth atoms are the most ideal atomic systems to study dou-
bly excited autoionizing states, both experimentally and

dAuthor to whom correspondence should be addressed; electronic mai]::heoretlca”y' Their two s valence electrons can be eaSIIy ex-

cited using a conventional dye laser system, while the closed
inner shells are more difficult to excite.
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TaBLE 1. Parameters obtained from E@8) and(9) of series &inl of C&

J a, a, ag ay by b, bs b,
3d3,NSy 1 222914 —44.655 6183.44 —453 180 —0.002 16 0.000 01
3d3onsyn 2 2.304 20 —22.193 3881.08 —161 340
3dsnsy 2 243893 —137.90 29395.1 —1.708E6
3dsnsyn 3 2.254 34 13.567 63 —1808.96 58 610.94
3d3pnds)n 0 0.643 63 —11.82141 296.9419 —2625.723
3dsnds)» 0 0.614 81 —18.365 88 7725186 —15019.16
3dsnds)» 1 0.887 43 —5.362 36 260.903 6 —3497.415 0.000 07 0.000 01
3d3pnds)n 1 0.83097 8.084 67 —392.484 5640.048 0.000 05 0.00 005
3dsnds)n 1 0.980 81 —-41.7515 1383.681 —16 402.0 0.000 00 0.000 00
3d3pnds)» 1 0.992 23 —41.618 33 4118.194 —91096.26 0.002 26 0.000 34 0.000 05 0.000 01
3d3pnds)n 2 0.577 47 —8.669 73 506.5335 —10087.85
3dsnds)» 2 0.617 02 —8.901 21 239.844 4 —2327.42
3dsnds)n 2 0.97381 —42.615 02 1486.888 —16 750.08 0.000 36 0.000 01
3d3pnds)» 2 0.964 14 —47.948 95 3487.218 —63110.98 0.000 78 0.00044 —0.00029
3dsnds)» 3 0.750 27 19.627 10 —872.184 11 823.47
3d3pnds)n 3 0.845 49 0.87233 —2.076 35 19.4236
3dsnds)n 3 —0.955 96 779.216 —111124.4 4 824E6
3d3nds)» 3 0.501 68 38.0185 —1412.584 17 366.91
3dsnds)n 4 0.750 50 —16.864 70 —30.2881 7991.917
3d3pnds), 4 0.356 08 59.876 87 —2508.993 33426.72 0.000 07 0.000 02
3ds,nds;» 4 0.555 90 —16.62112 1191.236 —21375.39
3ds,nds;» 5 0.848 26 0.04513 14.737 88 —176.665 1
3dsng72 1 0.021 93 —0.65307 7.049 93 —48.18348
3dsNgg)2 2 0.016 34 0.030 66 —20.3874 298.2934
3dsngy2 2 0.028 54 —-1.16278 27.967 21 —284.7913
3d3pngy2 2 0.022 61 —0.624 07 7.634 55 —43.596 00
3d3pngyn 3 0.026 07 —1.178 30 48.464 18 —664.7139
3d3N g2 3 0.021 35 —0.380 22 —-4.37210 124.0771
3dsN g2 3 0.028 59 -1.207 17 30.707 32 —326.506 4
3dsng72 3 0.026 62 —1.081 37 38.14278 —486.693 9

&The perturb levels are listed with the corresponding tables of results.

The studies on doubly excited states of calcium tracdl) the combination of eigenchann&matrix and multi-

back to 1960. The earlier research was focused on the odd
parity J=1 states, which can be obtained in absorption from

channel quantum defect theofylQDT) method which
is the most commonly used method; and

the ground state. Later, a wealth of data of both odd parity2) the Coulomb Green'’s function analysis.
and even parity was obtained, being made possible by the
development of laser techniques. A review of the correlated Aymar and Telmirf studied theJ=0 andJ=2 spectra of
calcium below 35, threshold fom=15 through a combina-

work done on this topic has been written by Aynearal? in

1996.

Researchers began to investigate the even padtyl 3e-

tion of eigenchanndR matrix and MQDT method. This work
was followed by Bolovino®t al using two-step laser opto-

ries of calcium in 1991. Although theoretical methods weregalvanis technique in a Ca DC discharge. They measured the
employed to obtain the energy values of some low-lying oddenergies of the evendhd J=0,2 and 3ing J=2 autoioniz-
parity autoionizing levels, to our knowledge, only two meth- ing states of calcium below 62500 ¢ and detected the
ods have been reported to treat the even parity autoionizingerturbers of $21S, and 4p5p3D,. The experimental
levels: energies, measured by Bolovinast al,* showed good
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TaBLE 2. [Ar]3dspns;,J=1 series of Ca | (limit is 62 956.15 TaBLE 3. [Ar]3dsmns;,J=2 series of Ca | (limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values
(cm Y2 (cm™
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RIMQDT® n T, This work RIMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
11 61501.3 61501.3 61506.8 40 62 878.8 11 61500.8 40 62879.0
12 61802.0 618020 618054 41 62882.7 12 61786.8 41 62882.9
13 62001.7 620015 62003.4 42 62 886.4 13 61997.9 42 62 886.6
14 62156.0 62156.5 62158.4 43 62 889.8 14 62156.4 62156.4 61157.1 43 62 889.9
15 62277.8 622772 622784 44 62892.9 15 62 278.2 44 62 893.1
16 623723 623725 623734 45 62 895.9 16 62 373.9 45 62 896.0
17 62449.0 62449.1 624498 46 62 898.6 17 62450.5 624505 62449.6 46 62 898.7
18 62511.6 625115 625122 47 62901.1 18 62512.8 62512.8 62511.8 47 62901.2
19 62563.2 62563.1 62563.6 48 62 903.5 19 62 564.2 48 62 903.6
20 62606.0 62606.1 62606.7 49 62 905.7 20 62 607.2 49 62 905.8
21 626423 626424 626428 50 62907.8 21 62 643.4 50 62 907.9
22 62673.4 51 62 909.8 22 62674.2 51 62 909.9
23 62700.2 62700.0 62700.6 52 62911.6 23 62 700.8 52 62911.7
24 627234 62723.0 62723.6 53 62913.4 24 62 723.7 53 62913.5
25 627433 627430 627436 54 62 915.0 25 62 743.7 54 62915.1
26 627613 62760.6 62761.1 55 62 916.6 26 627612 627612 55 62 916.6
27 627765 627761 62776.6 56 62 918.0 27 62 776.6 56 62918.1
28 62790.1 62789.8 627903 57 62919.4 28 62790.2 62790.3 627903 57 62 919.5
29 62802.2 62802.0 628024 58 62 920.7 29 62802.4 58 62920.8
30 62813.3 628129 628133 59 62922.0 30 62813.3 59 62922.0
31 62823.0 628227 62823.1 60 62923.1 31 62823.2 628231 62823.0 60 62 923.2
32 628319 628315 628319 65 62 928.2 32 62 831.9 65 62928.2
33 62840.0 628395 628399 70 62932.2 33 62 839.8 70 62932.2
34 62847.1 62846.8 62847.1 75 62 935.4 34 62847.0 62847.0 628472 75 62 935.4
35 62853.7 62853.3 62853.6 80 62 937.9 35 62 853.6 80 62938.0
36 62859.7 62859.3 62859.7 85 62 940.1 36 62859.9 62859.6 62859.7 85 62940.1
37 62 864.8 90 62941.9 37 62 865.1 90 62941.9
38 62 869.9 95 62943.4 38 62 870.1 95 62943.4
39 62 874.5 100 62 944.6 39 62 874.7 100 62944.7
&The perturb levels are:  pbp P, (61132.1cm?l) #The experimental valueg,, are selected from Assimopoules als

%D, (61728.9cm?). ®The results oR-matrix/MQDT are selected from Assimopoules al®

"The experimental valueB,, are selected from Assimopoules al®
°The results oR-matrix/MQDT are selected from Assimopoulesal®

agreement with the experimental and theoretical results resured with an accuracy of no more than 0.2 ¢min this
ported in Aymar and Talminl.Most of the deviations be- paper, the experimental data and theoretical energy levels
tween the experimental and theoretical results are less thamere in good agreement.
10 cmi ! for n=8, however the deviations are relatively large  Subsequently the same authors reported results fod the
for n<8. =3¢ serie§ in the same yeaf1994, and the results for
Assimopouloset al® presented additional experimental 3dnd J=4, 5 serie§in 1998. In the former paper, the per-
and theoretical results from the same methodJfei0€, 1, turber was assigned top5p °D5. It was found that there
and Z autoionizing spectra belowd3threshold of calcium. was strong mixing betweend3,nds, and 3s,nds, for
The spectra were explored by a two-step laser excitatioboth theJ=3 andJ=4 cases. The results of the theoretical
from the 34s metastable states through the|43)3P0,12 method mentioned above, namely, the combination of eigen-
intermediate states. Several perturbers were assigneg?to 4 channelR-matrix and MQDT, are very accurate in highly
and 4p5p configurations. The experimental data were mea-excited states concerning the deviations with experimental
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TaBLE 4. [Ar]3dspns;,J=2 series of Ca | (limit is 63016.84  TaBLe 5. [Ar]3ds.ns;,J=3 series of Ca | (limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm Y)—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results

N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
12 61862.0 61862.0 618584 41 62 943.3 9 60566.5 60566.5 60577.8 38 62 930.9
13 62 051.2 42 62 947.0 10 61189.9 61167.0 39 62 935.5
14 62 210.6 43 62 950.4 11 61582.6 61570.6 40 62 939.8
15 623359 623359 62337.6 44 62 953.5 12 61831.8 61859.0 61838.7 41 62 943.7
16 62433.9 45 62 956.5 13 62063.3 62063.0 620655 42 62 947.3
17 62511.7 46 62 959.2 14 622175 62218.0 62219.2 43 62 950.7
18 62574.5 47 62 961.7 15 62 338.3 44 62 953.8
19 62 626.0 48 62 964.1 16 62433.8 624335 624342 45 62 956.8
20 62 668.8 49 62 966.3 17 62510.1 62510.1 62510.1 46 62 959.5
21 62704.9 50 62 968.4 18 625725 625726 625725 47 62 962.0
22 627355 627338 51 62970.4 19 626235 626242 626235 48 62 964.4
23 627618 62760.7 52 62972.3 20 62667.2 62667.3 62667.2 49 62 966.6
24 627846 627846 627835 53 62974.0 21 627035 62703.7 627035 50 62 968.7
25 62 804.4 54 62 975.6 22 627345 627347 627345 51 62 970.6
26 62 821.8 55 62977.2 23 627615 62761.3 627615 52 62972.5
27 62837.2 62837.1 56 62978.7 24 62784.6 627843 627846 53 62974.2
28 62850.8 62850.8 62850.7 57 62 980.0 25 62804.4 628044 628044 54 62975.8
29 62862.9 62863.0 58 62981.3 26 628216 628219 628216 55 62977.4
30 62873.8 59 62 982.6 27 62 837.4 56 62978.8
31 62 883.5 60 62 983.8 28 62850.8 62851.1 62850.8 57 62 980.2
32 62 892.3 61 62 984.9 29 62 863.3 58 62 981.5
33 62 900.2 62 62 985.9 30 628741 628741 628741 59 62 982.8
34 62 907.4 63 62 987.0 31 62 883.9 60 62 983.9
35 62914.0 64 62 987.9 32 628839 628927 628839 65 62 989.0
36 62 920.0 65 62 988.8 33 62892.7 62900.7 62892.7 70 62992.9
37 62 925.5 70 62992.8 34 62907.9 75 62 996.1
38 62 930.5 80 62 998.6 35 62914.4 80 62 998.7
39 62935.1 90 63 002.5 36 62920.4 90 63 002.6
40 62 939.4 100 63 005.3 37 62925.9 100 63 005.4
&The experimental valueg,,, are selected from Assimopoules al. 5 aThe experimental valueg,,y are selected from Luc-koenigt al®
PThe results oR-matrix/MQDT are selected from Assimopoulesal. ® bThe results oR-matrix/MQDT are selected from Luc-koend al®

data mainly less than 1 crh. The inaccuracy in low excited the MQDT plus R-matrix theory and Coulomb Green’s
states is relatively large. For example, in the seriefunction analysis are employed to investigate the properties
3ds,nds),, the deviation fon=5, 6, 7, and 8 are 99.3, 33.2, of the even parity doubly excited states of Ca, and they
21.8, and 12.1 cAt, respectively. have only little overlap. Furthermore, there is still an obvious
Another method, called the Sturmian expansion of thdack of experimental data. It is necessary to confirm the
Coulomb Green’s function, was applied to analyze the lowexiting data, as well as provide for “missing” levels
doubly excited states of alkaline earth at8niscluding  (by prediction.
3dng in Ca. The results of Ca are slightly more accurate Recently, the weakest bound electron potential model
than those from th&k-matrix method. Later, these authors theory (WBEPM theory!°~?2 has been employed to study
carried out the Coulomb Green'’s function analysis for polarthe singly excited levels of many-valence-electron atoms in-
ization effects in autoionization process of alkaline—earth-cluding Al 2% rare gas KF* IVA atoms?® and heavy metal IB
metal atoms. atoms?® After comparing both calculations based on the
The above mentioned studies are those that dealt withtVBEPM theory and the calculations obtained using other
the even parity doubly excited states of Ca up to now. Onlymethods against experimental data, it is apparent that the

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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TaBLE 6. [Ar]3dspnds,J=0 series of Ca | (limit is 62 956.15 TaBLE 7. [Ar]3dspnds,J=0 series of Ca | (limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
This This N Tept Thiswork RMQDT® n T, This work RMQDT®
N Teef work RMQDT® n  To,@  work RMQDT’
5 58535 587267 58762 34 62918.5

5 576111 57611.2 576914 34 628553 62857.6 628556 g 595040 595941 597027 35 62924.1

6 59351.6 59351.1 593858 35 62863.0 628632 628629 7 04816 604812 605188 36 62929.3

7 603614 603621 60377.3 36 62867.1 62868.4 628669 g §10903 61090.8 611079 37 62934.0

8 60998.6 60998.4 610064 37 628704 628732 628705 g §1508.0 615081 615179 38 62 938.4

9 61426.7 614264 61430.6 38 62876.5 628775 628764 19 18043 618039 6181041 39 62942.4
10 617282 61728.4 617302 39 62879.8 628816 62879.7 11 20208 620210 620247 40 62 946.1
11 619485 619495 619498 40 62885.3 12 62183.7 621848 62186.2 41 62 949.6
12 621145 621161 621156 41 62888.8 13 623087 623115 623104 42 62952.8
13 622429 622448 622443 42 62892.0 14 624054 624115 62407.0 43 62 955.8
14 623450 623461 623466 43 62895.0 15 62498.8 624917 62500.6 44 62 958.6
15 624285 624274 624301 44 62897.8 16 62550.2 62557.0 62560.8 45 62 961.2
16 624808 624935 624819 45 629004 17 62609.8 62610.9 626114 46 62 963.6
17 62539.7 625479 625408 46 62902.8 18 626511 62655.9 62652.6 47 62 965.9
18 62587.3 62593.4 62588.8 47 62905.1 19 62693.8 626973 48 62 968.0
19 626278 626316 626295 48 62907.2 20 627254 627261 627260 49 62970.0
20 626639 62664.1 626649 49 62909.2 21 627560 627538 62757.6 50 62971.9
21 62686.3 626920 626856 50 62911.1 29 627773 627777 627778 51 62 973.6
22 627118 627161 627124 51 62912.9 23 62799.6 627985 628008 52 629753
23 627349 62737.0 627358 52 62914.6 24 62819.6 628167 628203 53 62 976.9
24 627485 62755.3 62749.4 53 62916.1 25 628326 628327 628326 54 62978.3
25 627675 627715 627682 54 62917.6 26 628470 628469 628473 55 62 979.7
26 62784.1 62785.7 627848 55 62919.0 27 62859.9 628595 62859.8 60 62 985.7
27 62793.0 627984 627943 60 62925.0 28 628734 62870.8 628732 65 62 990.4
28 62807.5 62809.7 62807.7 65 62929.7 29 62880.8 70 62997.0
29 628149 628198 628152 70 62933.3 30 62 889.9 75 62 999.4
30 628269 628289 62826.6 75 62936.3 31 62898.1 80 630014
31 628369 62837.2 628369 80 62938.7 32 62 905.6 90 63003.1
32 62842.7 62844.6 628424 90 62942.4 33 629123 100 63 005.7
33 62850.9 62851.4 62850.9 100 62 945.0

#The experimental valueg,, are selected from Assimopoules als
®The experimental values,J, are selected from Assimopoules al® ®The results oR-matrix/MQDT are selected from Assimopoules al®
PThe results of R-matrix/MQDT are selected from Assimopowbsl®

present calculations are as good as any theoretical methdd Tables 2—32 the calculated results are compared with ex-
known to date. In previous studies, only the singly excitedPerimental data and the results from other theoretical meth-
states are treated. For the doubly excited states, the correl@ds.
tion between the two excited electrons significantly in-
creases. Can the WBEPM theory be extended to the case of o )
doubly excited states? How would the correlation be in- 2. Theory and Principle of Calculation
cluded adequately? An investigation of these questions will
be explored in this paper. The WBEPM theory was suggested by ZhéRd\s the

In this study, even parity @nl autoionization levels of Ca details of the theory have been introduced in our previous
have been treated within the framework of the WBEPMwork,°-2® we describe it only briefly here. The concept of
theory. Section 2 presents the theory and principle of calcuweakest bound electrofWBE) was first represented when
lation. The parameters in the calculation are listed in Table 1defining the concept of the ionization potential of a free

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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TaBLE 8. [Ar]3dspnds,J=1 series of Ca | (limit is 63016.84  TaBLe 9. [Ar]3dspnds,J=1 series of Ca | (limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(cm™)? (cm™?
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RIMQDT® n T, This work RIMQDT® This This
N Tet  Work RMQDT® n  Teo  work RMQDTC
6 588438 58843.6 588356 35 62922.6
7 600943 600952 600897 36 62927.9 6 587614 58761.0 58757.6 35 62862.2 62862.0
8 60850.3 608497 608476 37 62932.7 7 60022.6 600242 600200 36 62867.4 62867.3
9 613750 613745 613778 38 62937.2 8 60779.6 607782 60777.9 37 62872.3 62872.1
10 61693.8 616939 616977 39 62941.3 9 613000 61299.3 613010 38 62876.2 62876.7 62876.6
11 619530 619535 619530 40 62 945.1 10 616225 61623.1 61627.0 39 62880.3 62880.8 62880.7
12 621344 621344 621342 41 62 948.7 11 618929 61893.7 61892.9 40 62884.6
13 622733 622731 622731 42 62951.9 12 620735 620731 620735 41 62888.1
14 623822 623816 623818 43 62 955.0 13 622124 622123 622124 42 62891.4
15 62468.4 62468.0 624684 44 62957.8 14 623211 62321.3 623211 43 62894.4
16 625385 625380 625384 45 62 960.5 15 62407.7 624080 624076 44 62897.3
17 625957 625954 625958 46 62 962.9 16 624776 62478.1 62477.7 45 62899.9
18 626431 626436 47 62 965.2 17 625350 62535.6 625350 46 62 902.4
19 626831 626835 48 62967 4 18 62582.8 62583.3 62582.7 47 62 904.7
20 627170 627174 49 62 969.4 19 62622.8 62623.3 626228 48 62 906.8
21 627460 627463 50 629714 20 626572 626566 49 62908.9
22 627713 627710 627714 51 62973.2 21 62686.2 626856 50 629108
23 627929 627927 627930 52 62974.8 22 62711.1 627106 51 629126
24 628117 628119 53 62976.4 23 627327 627323 52 62914.2
25 628283 62828.6 54 62977.9 24 62751.6 627513 53 62915.8
2 628430 628433 55 62979.4 25 62767.9 627682 62767.9 54 62917.3
27 62 856.1 60 62 985.4 26 62782.9 627825 55 62918.8
28 628680 62867.7 628679 65 62990.1 21 62795.9 627956 60 62924.8
29 62878.1 70 62993.9 28 62807.6 62807.5 62807.2 65 62929.5
30 628875 75 62 996.9 29 62817.8 62817.2 70 62 933.2
31 62 895.9 80 62999.3 30 628269 62827.2 628269 75 62 936.2
32 62 903.6 85 63001.3 31 628355 628356 628354 80 62 938.6
33 62910.5 90 63 003.0 32 628432 628432 628429 85 62 940.7
34 62916.8 100 63 005.7 33 62850.1 62850.1 62879.9 90 62942.4
34 62856.0 62856.4 62856.2 100 62 945.0
The perturb levels are:pbp *P; and®D;.
®The experimental valueB,, are selected from Assimopoules al® aThe perturb levels are:pbp *P; and®D;.
°The results oR-matrix/MQDT are selected from Assimopoules al> The experimental valueB, are selected from Assimopoules al®

The results oR-matrix/MQDT are selected from Assimopoulet al®

particle?” The WBE in a given system is different from all simplified to be a single-electron problem of WBE. The
the other electrons in the system. Those are called nonweafkchralinger equation of the WBE is

est bound electron@NWBES) in behavior. From the view- 1o

point of excitation and ionization process, the WBE is the [=2Vi+V(r)lei=€ioi. @)
most active one of the electrons in the system, and also the The potential is suggested in WBEPM theory as

one that can be excited or ionized the most easily. So, many

properties of the many-electron systems are concerned with Z' 2dl+d(d+1)

the WBE, and thus it is very useful treating WBE accurately. V= r + o2 )
Since the WBE is different from NWBEs in behavior, it can ' :
be treated separately. By the separation of WBE andh whichZ’ is the effective nuclear chargleis the azimuthal

NWBESs, the problem of a many-electron system can beuantum number, andis a parameter. The first term on the
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TaBLE 10. [Ar]3dspndspJ=1 series of Ca |(limit is 63016.84  TaBLe 11. [Ar]3dspndsp,J=1 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(cm 12 (cm 1?2
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RIMQDT® n T, This work RIMQDT® This This
N Tet  Work RMQDT® n  Teo  work RMQDTC
6 593635 593635 593635 35 62922.2
7 603791 603791 603791 36 629275 6 58807.9 58807.9 588015 35 628617 62861.9 628617
8 610210 610210 610210 37 629324 7 60062.6 60062.6 60059.2 36 62866.7 62867.2 62867.0
9 614526 614527 614526 38 62936.9 8 608204 608204 60819.0 37 62872.1
10 617583 617583 617583 39 62941.0 9 613282 613282 613280 38 62876.5
11 619822 619820 619822 40 62944.9 10 61661.5 616615 61661.4 39 62 880.6
12 621518 621519 621518 41 62948.4 11 61910.7 619107 619107 40 62884.5
13 622838 622838 622838 42 62951.7 12 620886 620886 620886 41 62888.0
14 62387.9 623880 62387.9 43 62954.8 13 622243 622242 622244 42 62891.3
15 624711 624718 624711 44 62957.6 14 62329.9 62330.0 623302 43 62894.3
16 62542.8 62540.0 62542.8 45 62 960.3 15 62414.3 624143 62414.7 44 62897.1
17 62597.2 62596.4 62597.2 46 62 962.7 16 62483.1 624825 62483.6 45 62899.8
18 626438 626434 626438 47 62 965.1 17 625358 62538.7 625359 46 62902.2
19 626834 62683.0 626834 48 62967.2 18 62583.5 625854 625842 47 62904.5
20 627168 627167 627168 49 62 969.3 19 62623.5 62624.7 62623.8 48 62 906.7
21 627457 627455 627457 50 629712 20 62656.6 62658.1 62657.4 49 62 908.7
22 62770.8 627704 627708 51 62973.0 21 626854 62686.7 626864 50 62910.7
23 627924 627921 627924 52 62974.7 22 627103 627114 627108 51 62912.5
24 628112 628110 628112 53 62976.3 23 62731.8 627329 627324 52 62914.1
25 628282 628277 628282 54 629778 24 627507 62751.7 627512 53 62 915.7
2 628424 55 62979.3 25 62767.5 627682 62767.7 54 62917.2
27 628553 628555 628553 60 629853 26 62781.9 627827 627823 55 62918.7
28 62867.1 65 62990.1 27 627950 627957 627954 60 62924.7
29 628776 70 62993.8 28 628065 62807.3 628069 65 62929.4
30 62 886.9 75 62 996.8 29 62817.0 62817.6 628173 70 62 933.2
31 62 895.4 80 62999.3 30 628262 628269 628266 75 62 936.2
32 62903.1 85 630013 31 62834.8 628353 628351 80 62938.6
33 62910.1 90 63003.0 32 628422 628430 628426 85 62 940.6
34 62916.4 100 63 005.6 33 628495 628499 62849.7 90 62942.3
The perturb levels are:pbp *P; and®D;. 34 62856.2 100 62945.0
®The experimental valueB,, are selected from Assimopoules al® 3Perturbers are: @5p'P; and °D;, 3ds,6ds,(59363.5cm?),
°The results oR-matrix/MQDT are selected from Assimopoules al® 3ds,7d5, (60 379.1 cm ).

The experimental valueB,, are selected from Assimopoules al®
The results oR-matrix/MQDT are selected from Assimopoulet al®

right of Eq. (2) represents the Coulomb potential, and the 27'\!1"+3 2n’ —12
second term the dipole potential owing to the polarization AZ( 7 ) Tw—_mr(n'+|'+1) , (5
effect.
The solution of Eq(1) is* N —n=l'—1=d )
712 wheren’ andl’ are the effective principal quantum number
€e=———, 3 and effective azimuthal quantum number, respectively,Rnd
2n is the radial function of WBE with the generalized Laguerre
polynomial L.
R=Aexp( _ Z_’r)rwl_zwn (E) 4) In order to explore the regularities of energy levels of
n’ =1 nr ) many-valence-electron systems, the authors have defined
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TaBLE 12. [Ar]3d3pndspJ=2 series of Ca |(limit is 62 956.15 TaBLe 13. [Ar]3dspnds,J=2 series of Ca |(limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
This This N Tept Thiswork RMQDT® n T, This work RMQDT®
N Teef work RMQDT® n  To,@  work RMQDT’
5 576384 576387 577234 34 62918.4

6 59352.6 593524 593536 35 62863.6 6 5938904 59388.0 594316 35 62924.1

7 60340.0 603408 603732 36 62868.7 628692 7 04100 604115 604347 36 62 929.2

8 609921 60991.3 610128 37 62873.5 8 610543 610546 61070.1 37 62934.0

9 61427.5 61427.3 614403 38 62877.8 62877.8 62877.8 g 14365 614858 614973 38 629383
10 61732.0 617325 617416 39 62881.8 10 617915 617915 617950 39 62 942.4
n 61954.5 619617 40 62885.6 11 620114 620111 62016.2 40 62 946.1
12 621212 621211 621267 41 62889.0 12 62177.7 621780 62181.0 41 62 949.6
13 622499 622493 622540 42 62892.2 13 623056 62306.7 62307.8 42 62952.8
14 623504 623501 623542 43 628952 14 624054 62408.0 624064 43 62 955.8
15 624323 624308 624348 44 62898.0 15 62489 1 a4 62 958.5
16 62496.5 45 629006 16 62555.1 62558.6 45 62961.1
17625520 625505 62553.7 46 62903.0 17 62609.6 62609.5 62610.3 46 62 963.6
18 625972 625956 625965 47 62905.2 18 62652.7 62654.8 626535 47 62 965.8
19 62633.6 48 629074 19 62 693.0 48 62 968.0
20 626658 49 629094 20 627255 627254 627257 49 62970.0
21 62693.5 50 62911.2 21 62753.2 50 62971.8
22 627168 627174 627174 51 62913.0 22 627776 627772 627776 5i 62 973.6
23 62730.2 627382 62739.3 52 62914.7 23 62798.1 52 62975.3
24 627564 53 62916.2 24 628154 628164 628158 53 62976.9
25 627734 627724 627739 54 62917.7 25 628326 628325 628326 54 62978.3
26 62787.1 627865 62787.3 55 62919.1 26 62 846.7 55 62 979.7
27 62799.1 60 62925.1 27 62 859.3 60 62 985.7
28 62811.2 628103 62810.6 65 62929.7 28 628704 628706 628704 65 62 990.4
29 62820.4 70 62933.4 29 62 880.7 70 62 994.0
30 628295 628302 75 62936.3 20 628898 75 62 997.0
31 62838.4 62837.7 628382 80 62938.8 31 62898.0 80 62 999.4
32 62845.1 85 62940.8 32 62 905.5 90 63003.1
33 62851.8 90 62942.4 33 62912.2 100 63 005.7
34 62858.0 100 62 945.0

#The experimental valueg,, are selected from Assimopoules als
The experimental valueg,, are selected from Assimopoules al® ®The results oR-matrix/MQDT are selected from Assimopoules al®
bThe results oR-matrix/MQDT are selected from Assimopoulesal®

the concept of spectrum-level-like series to classify theseries of Ca. In a given series, energy levels depend on the

energy level$® A spectrum-level-like series is a series principal quantum number of the weakest bound electron
composed of energy levels with the same spectral level sympnly
bols in a given electron configuration series of a system.

According to the definition, for example, the series of energy z'?
levels Ca[Ar]3d(?Dg)NndspJ=2 is a spectrum-level-like T(n)=E(n)+ Timit~ Tiimit — o2’ @
series.

As for the 3nl doubly excited states of Ca| electron In order to simplify the equation that has two various param-
lies in a higher orbital than @ and can be assigned as the eters, we employed the representation of energy in quantum
weakest bound electron. ThalBl series converge on two defect theory(QDT) to do a transformation
ionization limits 2D/, and ?Ds,, respectively, correspond-
ing to the fine structure splitting. Thig coupling scheme
is used in this paper to study the even parlty-1-5 n

Z_/: Znet
" n-=6,

®
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TaBLE 14. [Ar]3dgpnds,J=2 series of Ca |I(limit is 63016.84  TaBLe 15. [Ar]3dspnds,J=2 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™H? (cm™H?
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RIMQDT® n T, This work RIMQDT® This This
N Tet  Work RMQDT® n  Teo  work RMQDTC
5 575789 575789 576782 34 62916.5
6 503635 593637 593967 35 62922.3 6 58787.4 58787.6 58785.2 33 62849.8
7 603780 603767 60399.8 36 62927.6 7 60051.6 60053.3 60050.7 34 62856.0 62856.1 62856.2
8 610237 610256 610358 37 629325 8 60816.7 60810.2 60816.6 35 62862.5 628619 62862.6
9 614570 614563 614640 38 62937.0 9 613139 613182 613141 36 62867.1 62867.1 62867.3
10 616875 39 629411 10 61752.7 61621.4 617626 37 628727 628720 62872.8
11 619869 61986.8 61989.0 40 62944.9 11 61919.7 61919.2 61922.0 38 62876.5
12 62 155.3 a 629485 12 62092.9 62097.0 620942 39 62 880.6
13 62286.6 622863 62287.2 42 62951.8 13 622288 622287 622302 40 62884.4
14 62389.8 62390.0 62390.0 43 62 954.8 14 623324 623354 4l 62887.9
15 624721 62473.4 624718 44 62957.7 15 624214 624156 624230 42 62891.2
16 625445 625413 625454 45 62 960.3 16 624832 43 62894.2
17 626005 62597.4 626013 46 62962.8 17625363 625390 625362 44 62897.1
18 626455 62644.3 626462 47 62965.1 18 625858 625855 625862 45 62899.7
19 626843 626837 626842 48 629673 19 626264 626247 62627.0 46 62902.2
20 62717.3 49 62 969.3 20 626615 626580 62662.0 47 62904.5
21 627465 627461 627472 50 629712 21 62686.3 62686.6 62687.1 48 62 906.7
22 627710 627709 627714 51 62973.0 22 627124 627113 627120 49 62 908.7
23 627930 627925 627933 52 62974.7 23 627345 627327 627348 50 62910.6
24 628121 628114 628125 53 62976.3 24 627502 627515 62750.6 55 62918.6
o5 62828.0 628280 628284 54 62977.8 25 627682 62768.0 627685 60 62924.7
26 62842.6 62843.1 55 62979.3 26 62782.6 65 62929.4
27 628557 628561 60 62 985.4 27 627951 627955 627953 70 62933.2
28 628673 628677 65 62 990.1 28 62807.6 62807.1 628078 75 62 936.2
29 62877.7 70 62993.8 29 62819.6 62817.5 62819.2 80 62938.6
30 628871 75 62 996.8 30 628269 62826.8 62827.2 85 62 940.6
31 62 895.6 80 62999.3 31 628369 628352 628364 90 62942.3
32 62 903.2 90 63 003.0 32 628427 62842.8 62843.0 100 62 945.0
33 62910.2 100 63 005.7 aThe perturbers are: pbp °D, (61804.2cm?), mix of 3d10d and
aThe perturb levels are: pBp °D, (61804.2 cm?), 4pSp (617673 cm”), and A 6ds(59 363.5 cm ).

The experimental values,,,, are selected from Assimopoules al®

~ 1
3dy,6ds, (58 787.4cm ). °The results oR-matrix/MQDT are selected from Assimopoulet al®

®The experimental valueB,,, are selected from Assimopoules al®
°The results oR-matrix/MQDT are selected from Assimopoulesal®

whereZ,is the net nuclear charge aédg.~= 1 for atoms,s, > .
is the quantum defect number in QDT. Then Eg.turns out 5n(en)=2 a(n—o, . (10
to be =0
To simplify this equation, Martiff cut the polynomial to its
72 first four even power terms and take%, the quantum
T(N) =Tt — ————. (9) defect of the leader in a series, instead &f in the
2(n—6,)? polynomial

By exploring the regularity ofs,,~n, Risberg once sug- 3
_geste_d the follow@ng formula, that can be solved through 5n(6n)zz a(n—8,) 2. (11)
iteration, for a series not been perturbed: i=0
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TaBLE 16. [Ar]3dspnds, J=3 series of Ca |(limit is 63016.84  TaBLe 17. [Ar]3dspnds,J=3 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
6 58821.1 58820.0 58819.6 35 62923.2 6 58775.2 587753 587752 35 62 862.1
7 60084.8 60089.4 60084.3 36 62928.4 7 60038.4 60038.1 60038.2 36 62 867.4
8 60851.3 60846.8 608512 37 62 933.3 8 60802.2 608024 60802.0 37 62 872.2
9 613512 61349.0 613514 38 62937.7 9 61300.2 61300.7 61300.0 38 62 876.7
10 61693.2 61697.3 616934 39 62941.8 10 61644.3 61643.8 616429 39 62 880.8
11 61939.7 619475 619635 40 62 945.6 11 61890.2 40 62 884.6
12 62133.7 621329 621339 41 62949.1 12 62073.0 62073.1 62072.8 41 62 888.1
13 622723 62273.8 622724 42 62 952.3 13 622125 622126 622124 42 62891.4
14 623809 623835 623811 43 62 955.3 14 623212 623215 623211 43 62 894.4
15 624679 624704 62467.8 44 62 958.1 15 62407.8 62408.1 62407.8 44 62 897.2
16 62538.1 62540.6 62538.0 45 62 960.8 16 624779 624781 62477.8 45 62899.9
17 62595.1 62598.0 625954 46 62 963.2 17 62535.2 625355 62535.0 46 62 902.3
18 62643.1 62645.6 62643.2 47 62 965.5 18 625829 62583.1 62583.0 47 62 904.6
19 62683.2 626855 62683.2 48 62 967.7 19 62623.1 626228 48 62 906.8
20 62716.8 62719.2 62717.2 49 62 969.7 20 62657.0 62656.8 49 62 908.8
21 62746.0 62748.1 62746.2 50 62971.6 21 626859 626858 50 62910.7
22 627710 627729 627712 51 62973.4 22 62710.3 627109 627108 51 62912.5
23 62793.0 627944 627929 52 62975.0 23 627318 627325 627324 52 62914.2
24 62811.6 628132 62811.8 53 62 976.6 24 62750.7 627514 62751.3 53 62915.8
25 62828.0 62829.7 628284 54 62978.1 25 62768.2 62768.0 627679 54 62917.3
26 62843.1 628443 628432 55 62979.5 26 627819 627827 627826 55 62918.7
27 62856.0 62857.3 62856.2 60 62 985.6 27 62795.7 627956 60 62924.8
28 62868.8 62867.8 65 62990.3 28 62807.6 62807.3 62807.2 65 62 929.5
29 62877.8 62879.1 628782 70 62994.0 29 62817.0 62817.7 62817.6 70 62 933.2
30 62887.2 62888.4 62887.6 75 62 996.9 30 62827.0 628270 75 62 936.2
31 62895.7 62896.8 62896.0 80 62999.4 31 628355 628354 80 62 938.6
32 62904.3 85 63001.4 32 62843.1 628431 85 62 940.7
33 62911.2 90 63 003.1 33 62849.8 62850.0 62850.0 90 62942.3
34 62917.5 100 63 005.7 34 62856.3 62856.3 100 62 945.0
&The experimental valueB,, are selected from Luc-koenigf alb aThe experimental valueg,,y are selected from Luc-koenigt al®
PThe results oR-matrix/MQDT are selected from Luc-koend al® bThe results oR-matrix/MQDT are selected from Luc-koend al®

Martin®® treated atomic Na with this equation and got veryPY the least square method using the first-(6) data of a
good results. given series, and then predict the higher levels with these
While many series are perturbed by foreign levels, weParameters.
suggested adding the perturbation terms to &d) enlight-
ened by Langé?
3. Results and Analysis
3 N b . _ _
5n(€n):2 aim‘2i+2 - (12) Using the method mentioned above, SQ s'er'lesdxhli{l
i=0 Fim 2—¢ =0,2,4)J=0°-3° and 3nd J=4, 5 autoionizing energy
levels of Ca are calculated. Th¢ coupling frame is used.
with m=n—¢5, and €;=(Tjimir—T;, perturbe)/zﬁet; N is the  The experimental values of energy levels are taken from As-
number of perturbing foreign levef4?® Then combining simopouloset al,® Luc-koenig et al.® and Assimopoulos
Egs.(9) and(12), we can calculate the parametessandb; etal’
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TaBLE 18. [Ar]3dspnd;J=3 series of Ca |(limit is 63016.84  TaBLe 19. [Ar]3dsponds,J=3 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® This This

N Tepd Work RMQDT® n  Teo?  work RMQDT®
10 61766.9 61766.6 61777.6 39 62 946.4
11 619935 620100 620004 40 62949.9 6 58805.8 588049 58803.2 35 628632 62863.8 62863.3
12 621612 621642 621652 41 62 953.2 7 60060.1 600639 60059.4 36 62867.1 62868.9 62867.4
13 62290.6 622871 622929 42 62 956.2 8 608226 608186 60822.8 37 62873.6 62873.4
14 623919 62389.9 623930 43 62 959.0 9 613199 613188 613210 38 62878.0 62877.0
15 624722 624757 624724 44 62 961.6 10 61661.3 61664.1 61662.8 39 62882.0 62882.1
16 625470 625574 45 62 964.0 11 619189 619109 61922.0 40 62885.7 62885.1
17 626068 626061 626073 46 62 966.3 12 62093.5 620929 620958 41 62889.2 62887.9
18 626489 626552 626494 47 62 968.4 13 622311 622308 622338 42 62892.4 62892.1
19 626843 626961 626844 48 62970.4 14 62330.3 62337.8 623420 43 62895.3 62894.7
20 627238 627305 627242 49 62972.3 15 624256 624226 624282 44 62898.1
21 62749.0 62759.6 62748.8 50 62974.1 16 62490.9 624986 45 62900.7
22 627768 627845 62776.7 51 62975.7 17 62536.3 625468 625362 46 62903.1
23 627945 62805.8 627944 52 62977.3 18 62587.1 625931 625874 47 62905.4
24 628147 628243 628148 53 62978.8 19 626285 626319 626296 48 62907.5
25 628319 628404 628320 54 62 980.2 20 626640 62664.7 626650 49 629095
26 62846.6 628545 628468 55 629815 21 626928 626961 50 629113
27 628669 628594 56 62 982.7 22 627131 62717.0 627129 51 62913.1
28 628779 628703 57 62983.9 23 62736.1 627380 627364 52 62914.7
29 628877 628797 58 62 985.0 24 62756.3 627572 53 62916.3
30 628965 628899 59 62 986.1 25 62769.2 62772.4 62769.0 54 62917.8
31 62904.4 60 629871 26 627855 62786.6 627854 55 62919.2
32 629115 65 629915 27 62799.2 628002 60 62925.1
23 62917.9 70 62994.9 28 628105 628085 65 62929.8
34 62923.8 75 629978 29 62820.6 628204 70 62 933.4
35 629291 80 63 000.0 30 62827.2 62829.7 62827.4 75 62 936.4
36 62934.0 85 63002.0 31 62837.1 62837.9 62837.3 80 62938.8
37 629385 % 63003.5 32 628453 628429 85 62940.8
38 629426 100 63 006.1 33 62852.0 628514 90 62942.4

34 62 858.2 100 62 945.1

The experimental valueg,, are selected from Luc-koenigt al®
PThe results oR-matrix/MQDT are selected from Luc-koenég al® &The experimental valueg,, are selected from Luc-koenigt al®
bThe results oR-matrix/MQDT are selected from Luc-koend al®

As mentioned above in Sec. 1, the correlation between theulation, and thus one can supplement much of the under-
two excited electrons is important for the doubly excitedvaluation for the correlation. The details of treatment are
states. For the @nl states the correlation is more important amplified as follows.
whenn is relatively small because the true potential field is In the following we present the results of varioudrdl
more similar to the central potential whanis large. To series. The corresponding parameters can be found in
evaluate the correlation adequately, we emphasize that thEable 1.
perturbations come from foreign levels in our calculation. 4p5p levels were observed to perturtdBd and 3dns
The parameters are determined by fitting the first severdkvels extremely:® p,(61132.1cm?) and
experimental values of energy levels in the calculation of théD, (61 728.9cm?) perturbs  the J=1 series,
WBEPM theory, so the correlation and relaxation effects aréD, (61 804.2 cm?) perturbs thel=2 series, andD; per-
partly included, but this is not enough. By emphasizing theturbs theJ=3 series. In our calculation thepBp D5 per-
consideration of perturbation, the mix between differentturber has not been counted in, because it shows a very broad
spectra or different configurations is introduced into the calpeak that is not fit for our perturber model.
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TaBLE 20. [Ar]3dspndspJ=4 series of Ca |(limit is 63016.84  TaBLe 21. [Ar]3dspnds,J=4 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm 12
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® This This
N Tepd  Work RMQDT® n Teut  work RMQDTC

6 59463.5 59462.0 59488.9 35 62923.4

7 604572 604649 604734 36 62928.6 6 58820.6 58829.6 588340 35 62863.3 628645 62863.6

8 61084.7 61071.8 610956 37 62933.4 7 60077.8 60077.9 60080.7 36 62869.6

9 61477.8 614854 614863 38 62937.8 8 60836.1 60836.2 608382 37 62874.2
10 61781.8 617821 61787.6 39 62941.9 9 613311 613313 613329 38 62878.6
11 62002.9 62001.8 62006.4 40 62 945.6 10 616720 616712 61673.8 39 62882.5
12 62168.0 62168.6 621704 41 62949.1 11 61916.8 61917.2 619185 40 62886.2
13 622950 62298.0 622965 42 62952.4 12 62098.7 62099 621000 41 62889.6
14 623945 62400.3 623953 43 62 955.4 13 62236.9 62236.7 622385 42 62892.8
15 62473.6 624824 624740 44 62 958.2 14 623448 623433 623466 43 62895.7
16 62 549.2 45 62 960.8 15 62431.2 62427.6 624330 44 62898.5
17 62608.2 626044 62609.1 46 62963.3 16 62502.1 624955 625035 45 62901
18 62650.2 62650.4 62650.6 47 62 965.6 17 62550.9 46 62903.4
19 626849 62689.1 626851 48 62 967.7 18 62596.7 47 62905.7
20 627246 627220 627252 49 62 969.7 19 62630.5 626352 626310 48 62907.8
21 62749.2 627503 62749.4 50 629716 20 62666.4 62667.7 62667.0 49 62909.7
22 627769 627746 627774 51 62973.4 21 62698.0 626954 62698.7 50 62911.6
23 627946 627958 627948 52 62975.1 22 627133 627194 627136 51 62913.3
24 628151 628144 628153 53 62976.7 23 62737.0 62740.1 627375 52 62915
25 62832.3 62830.7 628325 54 62978.1 24 62758.2 62758.2 62758.7 53 62 916.5
26 628469 628451 628472 55 62979.6 25 62769.2 627741 62769.4 54 62918
27 628592 628579 62859.7 60 62 985.6 26 627858 62788.2 62786.2 55 62919.4
28 62 869.3 65 629903 27 62801.2 62800.7 628015 60 62 925.3
29 628795 70 629940 28 62808.8 62811.8 628089 65 62 929.9
30 62888.7 75 62 996.9 29 62820.8 62821.8 62821.1 70 629335
31 62897 1 80 62999 4 30 62828.0 62830.7 62827.6 75 62 936.5
32 62904.6 85 630014 31 62837.6 62838.8 62837.8 80 62938.8
33 629114 9 63003.1 32 62843.0 62846.2 62843.2 85 62940.8
34 629177 100 63005.7 33 62851.6 62852.8 62851.8 90 629425

34 62856.3 62858.9 62856.4 100 62 945.1

The experimental valu€g,,, are selected from Assimopoules al. 7
PThe results oR-matrix/MQDT are selected from Assimopoulesal. aThe perturb levels are:  d3,7dg,(60457.2cm?) and
3ds/,8d3, (61 084.7 cmY).
The experimental valueB,, are selected from Assimopoules al’
The results oR-matrix/MQDT are selected from Assimopoules al.”

There are four @ns series. Two of them (&,nsJ of less than 1 cm'. For the low excited @ns states, there
=1,2) converge to the &, limit and the other two are no experimental values, so the parameters are determined
(3dgpns J=2,3) converge to the &, limit. The results of by the first few experimental data. We calculated the
these four series are listed in Tables 2 to 5. As for the seriesnergy levels from where the experimental data started to
3d,,ns J=1, two perturbers g5p 1P, and®D; are included  appear.
in the calculation. As for the seriesd3,ns J=2, there are There are 18 8nd series. Ten of them converge to the
only four experimental values to fit the parameters. As for3ds;, limit: 3ds,nds,J=0, 1, 2, 3, 4, 5 and &,nd;,J
the series d85,ns J=3, the data ofn=12 is not involved =1, 2, 3, 4. The other eight converge to thd;3 limit:
in the fitting of parameters because of the serious overlaBd;,nd;,J=0, 1, 2, 3 and 85,nd5,J=1, 2, 3, 4.
with 4p5p there. It can be observed from these tables J=0. The series 8;,nd3, and As,nds, mixed in most
that all of the present results have the same accuracparts of the spectrum. It can be seen from Table 6 that, for
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TaBLE 22. [Ar]3dspndspJ=4 series of Ca |(limit is 63016.84  TaBLe 23. [Ar]3dspnds,J=5 series of Ca |(limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm ™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® This This
N Tepr  Wwork RMQDT® n Teu?  work RMQDTP

6 593441 593458 593752 35 62924.4

7 60389.7 603813 604087 36 62929.6 6 58860.8 58860.8 588652 35 62922.8 629228 62922.8

8 610429 610567 610554 37 62934.3 7 60109.3 60109.3 60112.1 36 62928.1 62928.0 62928.1

9 615065 614988 615144 38 62938.6 8 60868.2 60868.2 60870.0 37 62933.0 629329 62932.9
10 618042 618037 618102 39 62942.6 9 61364.1 61364.1 613654 38 62937.5 62937.3 62937.4
11 620227 62023.9 62027.0 40 62 946.3 10 617059 617059 617069 39 629415 629414 629415
12 62187.0 62188.7 62190.4 41 62 949.8 11 61951.7 61951.7 619525 40 629454 62945.3 62945.3
13 623138 623154 62316.6 42 62953.0 12 621342 621342 621349 41 62948.8
14 624135 624150 624159 43 62 956.0 13 62273.6 622736 622741 42 62952.0
15 62493.3 62494.8 624952 44 62 958.7 14 623823 623823 623828 43 62955.1
16 62561.7 62559.7 62563.1 45 62961.3 15 62468.9 62468.9 62469.2 44 62957.9
17 62613.8 62613.3 626150 46 62 963.7 16 62538.7 625388 62539.1 45 62960.5
18 62658.0 62658.0 62659.1 47 62 966.0 17 62596.2 62596.2 62596.4 46 62963.0
19 626948 626956 62696.0 48 62 968.1 18 62643.9 62643.8 62644.0 47 62965.3
20 627277 49 629701 19 62683.7 62683.8 62684.0 48 62967.5
21 627552 627551 627559 50 62972.0 20 62717.7 62717.7 627178 49 62969.5
22 627793 627789 62780.0 51 62973.7 21 62746.6 62746.6 62746.7 50 62971.4
23 627994 627995 628000 52 62975.4 22 627715 62771.6 627717 51 62973.2
24 628180 62817.6 628184 53 62 977.0 23 627932 62793.2 627933 52 62974.9
25 62834.0 62833.6 628343 54 62978.4 24 62812.1 62812.1 628122 53 62 976.5
26 62848.0 62847.6 628484 55 62979.8 25 62828.7 62828.7 628288 54 62978.0
27 628605 62860.2 628609 60 62 985.8 26 62843.2 628434 628434 55 62979.4
28 628714 65 629904 27 62856.3 62856.4 62856.4 60 62 985.5
29 62881.4 70 62994.1 28 62868.1 62868.0 62868.0 65 62 990.2
30 62 890.4 75 62997.0 29 62878.4 62878.4 628784 70 62993.9
31 62 898.6 80 62999.5 30 62887.6 62887.7 62887.8 75 62 996.9
32 62 906.0 85 630015 31 62896.2 62896.1 62896.2 80 62999.3
33 62912.7 90 63003.1 32 62903.8 62903.8 62903.8 85 63001.3
34 62 918.8 100 63 005.7 33 62910.7 62910.7 62910.7 90 63 003.0

34 62917.2 62917.0 62917.1 100 63 005.7

The experimental valueg,, are selected from Assimopoules al’
bThe results oR-matrix/MQDT are selected from Assimopoulesal.’ #The experimental valueg,, are selected from Assimopoules al’
PThe results olR-matrix/MQDT are selected from Assimopoulesal.”

series 3l3onds,, the errors are relatively large whem  and 3dgon’ds, mix strongly for n=n"=6-10 andn
=12-27. This comes from the overlap between the two=32-34 (' =26—-27). So for example, in the calculation of
3dnl J=0 series that causes all the peaks to be impure anseries 3l3,nds,, not only the perturberspbp P, and®D,
the overlap in this area is very strong. As for the seriesare accounted, but also the levels of
3ds,nds), listed in Table 7, the data of=5 have not been 3ds;,6d3,(59363.5cm?) and 3g,7ds,(60379.1cm?)
taken into the fitting of parameters because of the strongre involved as perturbers. The corresponding results are
overlap with 42 1S,. listed in Table 11. Most of the results have errors of less than
J=1. The series 8;,ndy, and As,nds), are relatively 1 cm ! compared with the experimental data.
simple. There is almost no mix between them. These two J=2. The experiment shows that the3d J=2 series is
series are perturbed byp&p 'P; and3D;. Our results for much more mixed thandd J=1. So the errors of the re-
these two series agree with the experimental data very welkults of these two series are a bit larger with the biggest
It can be seen from Tables 8 and 9 that all but two of thearound 9 cm®. But it is small when compared with the
deviations are less than 1 ¢h while the series 8;,nds,  energy interval between neighboring levels. The series
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TaBLE 24. [Ar]3dspng7,J=1 series of Ca |(limit is 63016.84  TaBLe 25. [Ar]3dspnge,J=2 series of Ca |(limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
5 58620.3 58620.4 58620.3 34 62921.8 5 58620.3 58620.3 586204 34 62921.8
6 59960.4 59960.3 599589 35 62927.1 6 59960.6 59960.6 59959.0 35 62 927.2
7 607703 60770.2 60768.8 36 62932.1 7 60770.3 60770.3 60768.9 36 62932.1
8 61296.6 612965 612951 37 62 936.6 8 61296.6 61296.6 612955 37 62 936.6
9 61656.6 616576 616558 38 62 940.8 9 61657.8 61657.8 61657.3 38 62 940.8
10 61916.7 619159 61916.2 39 62 944.6 10 61916.2 619154 39 62 944.6
11 62107.1 40 62 948.2 11 62 107.4 40 62 948.2
12 62 252.5 41 62 951.5 12 62 252.8 41 62951.5
13 62 365.7 42 62 954.6 13 62 365.9 42 62 954.6
14 624554 624555 624555 43 62 957.4 14 62 455.7 43 62 957.4
15 62528.0 62527.9 62528.0 44 62 960.1 15 62528.1 44 62 960.1
16 62587.1 45 62 962.6 16 62 587.3 45 62 962.6
17 62 636.2 46 62 964.9 17 62 636.4 46 62 964.9
18 62677.4 47 62 967.1 18 62 677.5 47 62967.1
19 62712.2 48 62 969.2 19 62712.3 48 62 969.2
20 62741.9 49 62971.1 20 62 742.1 49 62971.1
21 62 767.5 50 62972.9 21 62 767.6 50 62972.9
22 62 789.7 51 62974.6 22 62 789.8 51 62974.6
23 62 809.0 52 62976.2 23 62 809.1 52 62 976.2
24 62 826.0 53 62977.7 24 62 826.1 53 62977.7
25 62841.0 54 62979.2 25 62 841.0 54 62979.2
26 62 854.2 55 62 980.5 26 62 854.3 55 62 980.5
27 62 866.1 60 62 986.3 27 62 866.1 60 62 986.3
28 62 876.7 65 62990.8 28 62 876.7 65 62 990.9
29 62 886.2 70 62994.4 29 62 886.2 70 62994.4
30 62 894.7 75 62997.3 30 62 894.8 75 62 997.3
31 62 902.5 80 62 999.7 31 62 902.5 80 62 999.7
32 62 909.5 90 63 003.3 32 62 909.6 90 63 003.3
33 62915.9 100 63 005.9 33 62916.0 100 63 005.9
The experimental valueg,, are selected from Assimopoules ald #The experimental valueg,, are selected from Assimopoules als
PThe results oR-matrix/MQDT are selected from Assimopoulesal® bThe results oR-matrix/MQDT are selected from Assimopoulesal®

3d,,,ndg, and 3s,nds), are not perturbed by thepSp 3D,  fit for this case so that we did not conclude the perturber
level (61 804.2 cm™). The results of the seriesi3,nds,are  4p5p D in our calculation for the)=3 series. The results
listed in Table 14. Besides pSp°3D,, the level of these four series are listed in Tables 16—19. Because
3d,,6ds, (58 787.4 cm?) is taken into calculation as a per- 3d11d J=3 levels are situated in the range of the perturber
turber. The results of seriesig,nds, are listed in Table 15. 4p5p 3D, and are mixed with it stronglyabout 61 800—
Three levels are taken into the calculation as perturber$2000 cm?), the levels ®l3,11ds,, 3d3,11ds),,
4p5p3D,, a level assigned as a mix ofd30d and  3dg;,11ds,, and 3g,11ds, are not included in the fit for
4p5p (61767.3cm?), and 3g6d5,(59 363.5cm?). parameters.

J=3. These series are perturbed by the levebg3Ds. J=4. The 33;nds;, and Hsndsy, series mixed strongly
In our model of calculation, the perturber is located to aamong themselves, especially in the low excited states where
point. The peak of @5p 3D in the spectrum is so broad that 3dz,nds;, and 3g,nds, components appear coinstanta-
it is difficult to decide in which point it lies. Our model is not neously with almost the same weight. The results of series

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004



AUTOIONIZING LEVELS IN CALCIUM 1027

TaBLE 26. [Ar]3dspng7,J=2 series of Ca |(limit is 63016.84  TaBLe 27. [Ar]3dspng;,J=2 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
5 586124 58612.4 586140 34 62921.8 5 58554.3 58554.3 585555 34 62861.1
6 59956.7 59956.7 59956.0 35 62927.1 6 598974 598975 598964 35 62 866.5
7 60768.3 60768.3 607676 36 62932.0 7 60708.7 607085 60707.2 36 62871.4
8 612953 612953 612948 37 62 936.6 8 612351 612353 612344 37 62 875.9
9 61 656.7 38 62 940.7 9 61596.6 61596.6 61595.7 38 62 880.1
10 619152 619152 619149 39 62 944.6 10 61 855.0 39 62 883.9
11 62 106.5 40 62 948.2 11 62 046.3 40 62 887.5
12 62 252.0 41 62 951.5 12 62191.7 41 62 890.8
13 62 365.3 42 62 954.5 13 62 304.9 42 62 893.9
14 62 455.1 43 62 957.4 14 62 394.7 43 62 896.7
15 62 527.6 44 62 960.1 15 62 467.1 44 62 899.4
16 62 586.9 45 62 962.6 16 62526.4 45 62901.9
17 62 636.0 46 62 964.9 17 62 575.5 46 62 904.2
18 62 677.2 47 62 967.1 18 62 616.7 47 62 906.4
19 62712.0 48 62 969.2 19 62 651.5 48 62 908.5
20 62741.8 49 62971.1 20 62 681.2 49 62910.4
21 62 767.4 50 62972.9 21 62 706.8 50 62912.2
22 62 789.6 51 62974.6 22 62729.0 51 62913.9
23 62 808.9 52 62976.2 23 62 748.3 52 62915.5
24 62 825.9 53 62977.7 24 62 765.3 53 62917.1
25 62 840.9 54 62979.2 25 62 780.3 54 62918.5
26 62 854.2 55 62 980.5 26 62 793.5 55 62919.8
27 62 866.0 60 62 986.3 27 62 805.4 60 62 925.6
28 62 876.6 65 62990.8 28 62 816.0 65 62 930.2
29 62 886.1 70 62994.4 29 62 825.5 70 62 933.7
30 62 894.7 75 62997.3 30 62 834.0 75 62 936.6
31 62 902.4 80 62 999.7 31 62841.8 80 62 939.0
32 62 909.5 90 63 003.3 32 62 848.8 90 62942.6
33 62915.9 100 63 005.9 33 62 855.2 100 62 945.2
The experimental valueg,, are selected from Assimopoules ald #The experimental valueg,, are selected from Assimopoules als
PThe results oR-matrix/MQDT are selected from Assimopoulesal® bThe results oR-matrix/MQDT are selected from Assimopoulesal®

3dspnds, and 3Hsonds, are listed in Tables 20 and 21.  We studied eight 8ng series: 3l5,NggpJ=2-3,

It can be observed from the table that the deviations irBdsng;,J=1-3, 3A3ngq,J=3, and 33,n0;7,J=2, 3.

low excited states are much larger and those in highelhe first five series converge to the limitg, and the later

excited states are relatively small. As for the levels assignethree to 3l5,. The perturber levelsgbp even have no ef-

to series 8l;,nds,, the component of &,,nds, is almost  fect on the 8Ing series, and the mix among these series can

as much as B;,nds, when n is small. So the levels be ignored. Therefore, thed®g series are relatively simpler

3ds,7ds, and 3s5,8dg, are counted in the calculation as and purer than the dd series. The results of these eight

peturbers. series are listed in Tables 24-31. It can be seen from the
J=5. There’s only ond=5 3dnd series, 8ls,nds,. This  tables that almost all the deviations are less than I'cés

series is simple and pure with no perturbation and mix. Weor all the 3dng series we calculated, 95% of the results have

listed the results of this series in Table 23 with the experi-such accuracy.

mental data and results of QMDT for comparison. The results of Poirrer and Semaoune with Coulomb
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TaBLE 28. [Ar]3dssngy,J=3 series of Ca |(limit is 62 956.15 TaBLE 29. [Ar]3dsponge,J=3 series of Ca |(limit is 62956.15
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results
N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®
5 58542.1 58542.3 585457 34 62 861.1 5 58554.3 58554.2 585555 34 62861.1
6 59892.0 598911 598924 35 62 866.4 6 598974 59897.7 598964 35 62 866.5
7 607049 60706.0 607057 36 62871.4 7 60708.7 607084 60707.3 36 62871.4
8 61234.2 612337 37 62 875.9 8 612351 612352 612342 37 62 875.9
9 61596.6 61596.0 615956 38 62 880.1 9 61596.6 615965 615956 38 62 880.1
10 61854.6 61854.7 618544 39 62 883.9 10 61854.7 61855.0 618543 39 62 883.9
11 62046.1 620459 40 62 887.5 11 62046.4 62046.3 62046.2 40 62 887.5
12 621915 621915 621915 41 62890.8 12 621915 62191.7 621916 41 62 890.8
13 62304.8 62304.7 42 62 893.9 13 623049 623048 42 62 893.9
14 623946 623946 43 62 896.7 14 623947 623946 43 62 896.7
15 62467.0 62467.1 44 62 899.4 15 62467.2 624670 44 62 899.4
16 62526.3 62526.4 45 62901.9 16 62526.4 625264 45 62901.9
17 625755 625754 625754 46 62904.2 17 625755 625755 625754 46 62 904.2
18 62616.6 62616.6 62616.7 47 62 906.4 18 62616.6 62616.7 62616.7 47 62 906.4
19 62 651.4 48 62 908.5 19 62 651.5 48 62 908.5
20 62 681.2 49 62910.4 20 62 681.2 49 62910.4
21 62 706.8 50 62912.2 21 62 706.8 50 62912.2
22 62728.9 51 62913.9 22 62729.0 51 62913.9
23 62 748.3 52 62 915.5 23 62 748.3 52 62915.5
24 62 765.3 53 62917.0 24 62 765.3 53 62917.1
25 62 780.2 54 62918.5 25 62 780.3 54 62918.5
26 62 793.5 55 62919.8 26 62 793.6 55 62919.8
27 62 805.3 60 62 925.6 27 62 805.4 60 62 925.6
28 62 815.9 65 62 930.2 28 62 816.0 65 62 930.2
29 62 825.4 70 62 933.7 29 62 825.5 70 62 933.7
30 62 834.0 75 62 936.6 30 62 834.1 75 62 936.6
31 62841.8 80 62 939.0 31 62841.8 80 62 939.0
32 62 848.8 90 62 942.6 32 62 848.8 90 62942.6
33 62 855.2 100 62 945.2 33 62 855.3 100 62 945.2
&The experimental valueB,, are selected from Luc-koenigf alb aThe experimental valueg,,y are selected from Luc-koenigt al®
PThe results oR-matrix/MQDT are selected from Luc-koend al® bThe results oR-matrix/MQDT are selected from Luc-koend al®

potential whem is large. As for the present results, it can be
observed that the deviations are obviously generally very
small in low excited states as well as in higher excited states,
except for where the mix is too strong. Compared with the
results from theR-matrix/MQDT, it can be observed that the
present results are almost as accurate as those of the combi-
|ds0lk=519=3) =~ (55) "1 d597,2=3) nation method in high excited states but much better than
55\ 1/ _ theirs in low excited states. The essential of multichannel
() dsi9o)=3). (13 quantum defect theory is to treat excited electrons in differ-
Studying all the tables carefully, one will find that the ent ways according to the distance between the electron and
deviations betweeR-matrix/MQDT results and experimen- nuclear. The correlation between electrons is taken as a local
tal data are larger in low excited state and less in higheeffect when the electron is very near to the nuclear. In con-
excited states. It agrees with the approximation to centrafrast, when the electron is far from this range it is treated as

Green'’s function listed in Table 32 are computed in jke
coupling scheme. The transformation betw@emandjj cou-
pling schemes fs
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TaBLE 30. [Ar]3dspnggpJ=3 series of Ca |(limit is 63016.84  TasLe 31. [Ar]3dspong;,J=3 series of Ca |(limit is 63016.84
cm Y)—Comparison between calculated results and experimental valuesm )—Comparison between calculated results and experimental values

(em™) (cm™)
Theoretical results Theoretical results Theoretical results Theoretical results

N Tepd Thiswork RRMQDT® n T, This work RMQDT® N Tept Thiswork RMQDT® n T, This work RMQDT®

5 586124 58612.4 586140 34 62921.8 5 58604.1 58604.2 586075 34 62921.8

6 59956.7 59956.6 59956.0 35 62927.1 6 59953.0 59952.7 599535 35 62927.1

7 60768.3 60768.4 607676 36 62932.0 7 60766.5 60766.9 60766.6 36 62 932.0

8 612953 612953 612948 37 62 936.6 8 61294.8 612945 37 62 936.6

9 61656.8 61656.7 61656.3 38 62 940.7 9 61656.8 61656.6 61656.3 38 62 940.7
10 619152 619152 61915.0 39 62 944.6 10 61915.2 619153 61915.0 39 62 944.6
11 62106.6 62106.5 62106.7 40 62 948.2 11 62106.6 62106.7 40 62 948.2
12 622523 62252.0 622522 41 62 951.5 12 622523 622521 622522 41 62 951.5
13 62365.6 62365.3 623654 42 62 954.5 13 62365.6 623654 623654 42 62 954.6
14 624554 62455.1 624553 43 62 957.4 14 624554 624552 624553 43 62 957.4
15 62527.7 625276 62527.8 44 62 960.1 15 62527.7 62527.7 62527.8 44 62 960.1
16 62586.9 62587.0 45 62 962.6 16 62586.9 62587.0 45 62 962.6
17 62636.3 62636.0 62636.2 46 62 964.9 17 62636.3 62636.1 62636.2 46 62 964.9
18 62677.3 626772 626773 47 62 967.1 18 626773 62677.3 626773 47 62 967.1
19 62712.0 48 62 969.2 19 62712.1 62636.3 48 62 969.2
20 62741.8 49 62971.1 20 627418 62677.3 49 62971.1
21 62 767.4 50 62972.9 21 62767.4 50 62972.9
22 62 789.6 51 62974.6 22 62 789.6 51 62974.6
23 62 808.9 52 62976.2 23 62 809.0 52 62 976.2
24 62 825.9 53 62977.7 24 62 825.9 53 62977.7
25 62 840.9 54 62979.2 25 62 840.9 54 62979.2
26 62 854.2 55 62 980.5 26 62 854.2 55 62 980.5
27 62 866.0 60 62 986.3 27 62 866.0 60 62 986.3
28 62 876.6 65 62990.8 28 62 876.6 65 62 990.8
29 62 886.1 70 62994.4 29 62 886.1 70 62994.4
30 62 894.7 75 62997.3 30 62 894.7 75 62 997.3
31 62 902.4 80 62 999.7 31 62 902.5 80 62 999.7
32 62 909.5 90 63 003.3 32 62 909.5 90 63 003.3
33 62915.9 100 63 005.9 33 62915.9 100 63 005.9
&The experimental valueB,, are selected from Luc-koenigf alb aThe experimental valueg,,y are selected from Luc-koenigt al®
PThe results oR-matrix/MQDT are selected from Luc-koend al® bThe results oR-matrix/MQDT are selected from Luc-koend al®

a single electron. So the higher the electron was excited, theecause the problem of a many-valence-electron system
closer to the true situation the model is, and the morecan be transformed to a single electron problem by separat-
accurate the results are, while in low excited states iing the weakest bound electron from the nonweakest bound
cannot usually give very precise results. One advantage aflectron.
WBEPM theory is better results in low excited states.
Another is the WBEPM theory is much simpler. In the
theoretical method dR-matrix/MQDT, more channels would

be taken into the computation and a larger box of radius

would be introduced in thd-matrix calculation in order In this paper, the even parity=0-5 3dnl (I=s,d,g) au-

to get more accurate results. The calculation would thenoionizing levels of calcium have been calculated via the
be more complex. As for the calculation within the frame- WBEPM theory. By emphasizing the treatment of perturba-
work of WBEPM theory, the computation is much simpler tion, the correlation between electrons is considered

4. Conclusions
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ThelE 32. [Ar] 3ds;nglk=5/2] J=3 series of Ca I(imit is 63016.84  data concerning the even parity autoionization states of cal-
cm “)—Comparison between calculated results and experimental valueéium that have not been reported. These levels are predicted

(cm™Y L
here. We hope that the present work will stimulate further
Theoretical results experimental exploration on the even parity autoionization
states of Ca to confirm our calculations.
Coulomb Green’s
n Texpt This work  RIMQDT® functiorf
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